We present a detailed study of fluctuations in a laboratory current sheet undergoing magnetic reconnection. The measurements reveal the presence of lower hybrid frequency range fluctuations on the edge of current sheets produced in the Magnetic Reconnection Experiment (MRX). The measured fluctuation characteristics are consistent with theoretical predictions for the lower-hybrid drift instability (LHDI). Our observations suggest that the LHDI turbulence alone can not explain the observed fast reconnection rate in MRX.
Magnetic reconnection [1] is an important process in magnetized plasmas in which a rapid release of magnetic energy and changes in magnetic topology can occur even in highly conducting plasma. Recent simulations [2] and experiments [3] have shown that current sheets associated with reconnection have widths on the order of the ion skin depth (c/ω p,i ), a scale on which the magnetohydrodynamic (MHD) model is likely to be inaccurate. There are two theoretical models in the literature which address the problem of fast reconnection in non-MHD current sheets. The first invokes microinstability-produced anomalous resistivity [4] which enhances the rate of magnetic field dissipation and broadens the current layer to assist in the outflow of mass. The second theoretical model invokes non-dissipative terms in the generalized Ohm's law, specifically the Hall term, which can lead to laminar fast reconnection in collisionless plasmas [5] . Experimental data on the nature and role of turbulence in reconnecting current sheets is needed to resolve the obvious controversy presented by these two theoretical perspectives. Motivated by this goal, we have carried out a detailed experimental study of fluctuations which has lead to the first observation of the lower-hybrid drift instability in a laboratory current sheet.
The lower-hybrid drift instability (LHDI) [6] is driven by cross-field currents and density gradients present in current sheets. It has a real frequency near the lower hybrid frequency (ω LH ∼ √ Ω e Ω i ) and inverse wavenumber near the electron gyroradius (kρ e ∼ 1). The LHDI has been proposed as a source of anomalous resistivity in reconnecting current sheets [7] .
However, theoretical studies of the LHDI have revealed that the instability is linearly stabilized by large plasma beta [6] , which should confine the instability to the edges of a current sheet. Three-dimensional particle simulations [8] and Hall MHD simulations [9] have actually shown that the LHDI does develop in the current sheet, but have conflicting views on the role of the turbulence: the former shows that LHDI can assist in driving reconnection (through profile modification or by assisting in electric field penetration), while the latter shows that LHDI is not important and may actually slow reconnection relative to laminar two-dimensional simulations. While there is some observational evidence for the existence of the LHDI in the magnetotail current sheet [10] , it has never before been detected in a laboratory current sheet. Earlier laboratory studies of fluctuations have revealed evidence for unstable ion acoustic and whistler waves in current sheets [11] , but the ion gyroradius in these experiments was larger than the apparatus size and excitation of instabilities such as the LHDI might not have been possible.
The experiments reported here were performed in the Magnetic Reconnection Experiment (MRX) [12] . In MRX well diagnosed, long lived current sheets (τ τ A ) are formed in plasmas in which MHD is satisfied in the bulk of the plasma (S (Lundquist number) 1 and ρ i L away from the current sheet). A schematic of the MRX device is shown in Fig. 1 , along with a single magnetic field line indicating the current sheet location. Collisionality in MRX current sheets is characterized by the parameter λ mfp /δ, where δ is the width of the current sheet and λ mfp is the electron mean free path. Two observations have been made as the collisionality was lowered (λ mfp /δ is increased) in MRX. The first is that the measured toroidal reconnection electric field, E θ , is no longer balanced by classical collisional drag at the center of the current sheet, E θ /η sp j θ 1, where η sp is the classical Spitzer perpendicular resistivity [13] . The second is that direct, nonclassical ion heating has been observed during reconnection in MRX and the heating was found to strengthen with lower collisionality [14] . One possible explanation for these observations is the presence of turbulence in low-collisionality MRX current sheets, which creates a turbulent anomalous resistivity The detailed dependence of the frequency spectrum of the fluctuations on the local lower hybrid frequency was explored through varying the capacitor bank voltage (which changes the peak field in the current sheet) and the mass of the working gas. Fig. 2 shows the frequency of peak fluctuation amplitude versus local magnetic field value for discharges in hydrogen. The peak frequency increases with increasing local magnetic field and compares well with the lower hybrid frequency, which is plotted for reference. An additional plot is inset in Fig. 2 showing log-log plots of the average FFT power in the fluctuations in hydrogen and helium discharges with similar values of local B. A clear downshift in the frequency spectrum is observed with increasing mass, consistent with the factor of two decrease in the lower hybrid frequency. These observed scalings in the spectrum with B and ion mass are consistent with expectations for the LHDI. to grow as the current sheet forms and reconnection begins but then decay even while reconnection persists. In order to explain the spatial profiles and temporal behavior of the measured instability amplitude, linear calculations of the local growth rate of the LHDI in the MRX current sheet were performed. An electrostatic local theory was employed which includes finite plasma beta effects through ∇B drift corrections to the electron orbits. The following expression is found for the dispersion of the LHDI in this limit [6, 15] :
where Z(x) is the plasma dispersion function, ω pe/i is the electron/ion plasma frequency, V d,e is the electron diamagnetic drift speed, V B = βV d,e /2 is the electron ∇B drift velocity, x = v ⊥ /v th,e , and V is the cross-field ion drift. Using measured profiles of B z , n e , and T e at t = 264µs, the profile of the maximum LHDI growth rate was computed using Eq. 1
(assuming T i /T e = 1, 2, 3) and is shown in Fig. 3(b) . The computed maximum growth rate profile is asymmetric with respect to the current sheet and compares well with the fluctuation amplitude profile at t = 264µs. The asymmetry in the predicted growth rate comes from asymmetries in the measured density gradient (which drives the instability) and the magnetic field profile across the current sheet at t = 264µs, as shown in Fig. 3(c) . These two asymmetries, which are consistent with radial force balance [3] , combine to produce a strong asymmetry in the plasma beta across the current sheet, with a larger, stabilizing beta on the outer edge. It should be noted that the fluctuation amplitude is insignificant at the magnetic null, which is offset from the current density peak due to toroidal effects (evident when comparing Fig. 3 (c) to the current and fluctuation amplitude profile in Fig. 3 (a) at t = 264µs).
The observed decrease in the fluctuation amplitude after t = 264µs could be due to ion heating during reconnection, since the linear growth rate of the LHDI decreases with increasing T i /T e (see Fig. 3(b) ). Spectroscopic ion temperature measurements in Helium discharges in MRX have shown significant ion heating to temperature ratios of T i /T e 1 during reconnection [14] . In hydrogen, direct ion temperature measurements have not been performed, however estimates of T i based on radial force balance yield temperature ratios of T i /T e 2 during the reconnection process. Ion heating by processes associated with reconnection, perhaps including the LHDI turbulence itself, could thus result in reduction of the LHDI linear growth rate and could explain the decrease of the fluctuation amplitude in time.
Spatial correlations in the LHDI turbulence were also studied, using spatially separated floating double Langmuir probes. Measurements were performed using probe spacings of 1, 3.5, and 10 mm (ρ e ∼ 0.5 mm) in the toroidal direction. The mean coherency between separated probe signals (φ 1 ,φ 2 ) was calculated for signals from probes at these separations through averaging the coherency (γ = |φ 1 φ * 2 |/(|φ 1 ||φ 2 |)) over the measured LHDI spectrum and over 20 similar discharges per separation. Fig. 4(a) shows the mean coherency for each of the three different probe separations. The average decorrelation length in the turbulence can be estimated from this data to be several ρ e , which is comparable to the wavelength at peak growth for the LHDI (λ ∼ 2πρ e ). This observation is consistent with the predicted strong linear growth rate (γ ∼ ω r ) for the LHDI in MRX. Attempts to quantitatively measure the phase velocity of the waves were hindered likely due to the observed short decorrelation length, although a hint of preference for propagation in the electron diamagnetic direction is observed.
The final point to address in this Letter is the role of the measured turbulence in the process of magnetic reconnection in MRX. Two observations shown in Fig. 3 cast doubt on the possibility of the LHDI playing a direct role in determining the reconnection rate in MRX. The first observation is that the measured amplitude profile is consistent with finite-beta stabilization of the LHDI, showing that the instability is restricted to regions of low-beta, away from the magnetic null where it would be needed to generate enough anomalous resistivity to balance the electric field in the resistive MHD Ohm's law. The second observation is the rapid decay of the fluctuation amplitude early in the reconnection process. Figure 5 makes this observation clearer by comparing the time behavior of the reconnection electric field (which is directly related to the reconnection rate), the peak current density, and the peak fluctuation amplitude. The fluctuation amplitude is observed to decay rapidly during reconnection while the reconnection electric field and current density remain steady (or might even increase slightly). If the LHDI was directly responsible for the observed fast reconnection rate in MRX it would be reasonable to expect a correlation between the instability amplitude and the rate of reconnection; this correlation does not seem to exist in the data shown here. An additional set of data was taken to explore the dependence of the fluctuation amplitude on the collisionality in MRX current sheets.
It was previously found that the measured resistivity enhancement, E θ /η sp j θ , increased dramatically as the collisionality was lowered in MRX [13] . If the LHDI were responsible for this increase, a similar trend in the fluctuation amplitude might be expected. Fig. 6(a) shows the measured peak fluctuation amplitude (peak amplitude in both space and time) versus λ mfp /δ from a scan of fill pressure. The amplitude of the fluctuations does increase slightly with decreasing collisionality (increasing λ mfp /δ). However, if the fluctuation amplitude is normalized to the measured electron temperature, which might be considered an estimate of δn/n in the turbulence and therefore proportional to the effective collisionality, we find that there is essentially no change in this quantity with collisionality, as shown in Fig. 6(b) .
This observation casts further doubt on the importance of the LHDI in determining the reconnection rate in MRX current sheets.
In conclusion, we have made detailed measurements of fluctuations in MRX, resulting in the first observation of the lower hybrid drift instability in a laboratory current sheet. This observation has allowed the unprecedented opportunity to experimentally investigate the role of this instability in magnetic reconnection. The measurements described here suggest that the LHDI is not essential in determining the reconnection rate in MRX current sheets.
Although the measurements reported in this Letter make it difficult to explain reconnection in MRX through simply extending MHD theories with a turbulent anomalous resistivity, they do not directly support alternative theories such as those based on the Hall term.
However, future experimental campaigns in MRX will focus on detecting signatures of these theories, which are predicted to exist on scales that are currently unresolved by present 
